Abstract-This paper presents a model for the scattering of radiowaves from the canopy of a single tree. The canopy is modeled as a cylindrical volume containing randomly distributed and oriented cylinders, representing the branches, and thin disks, representing the leaves. A simple expression for the incoherent scattered field outside the canopy is obtained using Twersky's multiple scattering theory. This expression is shown to agree well with results of scattering measurements on a live tree typical of those found in urban environments. The scattering model can be readily incorporated in ray-based propagation prediction tools that assist the planning of microcellular radio networks. This involves the use of so-called tree-scattered rays, which interact at the tree centers. Path loss predictions generated with the aid of the new model are shown and compared with measured data to illustrate the considerable improvement in prediction accuracy that can be achieved in realistic urban microcellular scenarios by taking into account the scatter from trees.
I. INTRODUCTION

W
ITH the advent of microcellular radio networks likely to be employed in third-generation mobile communication systems, there is an increased interest in propagation models that are able to provide location-specific predictions of channel parameters such as local mean power and delay spread. Ray-based propagation prediction, in which the propagation of radiowaves is described in terms of straight trajectories in space called rays, has emerged as the most successful technique for this purpose. Quasi-two-dimensional ray-based models (often just called twodimensional, or 2-D, models) are quite adequate if transmit and receive heights are well below the average rooftop level [1] , [2] , as is normally the case in urban microcells. These models have been reported to provide excellent prediction results for a variety of urban scenarios. In many other cases, however, these models do not provide the same accuracy that can presently be achieved for macrocells.
Although currently available ray-tracing tools come in a wide variety with regard to the implementation of the ray-tracing algorithm itself, they are generally based on models of the same propagation mechanisms: line-of-sight (LoS) propagation, reflection, and diffraction. In a number of frequently occurring scenarios, these mechanisms alone do not adequately explain the channel properties that are actually observed. In particular, the transmission of radiowaves through buildings is often significant behind buildings obstructing the LoS to the base station antenna [3] - [5] and, as will be shown herein, scattering from trees located near street intersections can play an important role with regard to propagation around street corners [6] .
Investigations of tree effects on radio channel characteristics have hitherto been restricted mainly to coherent scattering, of which the attenuation of waves propagating through the foliage ("tree shadowing") is the most obvious manifestation [7] , [8] . Incoherent (or diffuse) scattered fields-which are due to the macroscopic dielectric heterogeneity of the tree canopy-are often neglected, even though they are generally predominant over the coherent scattered field in directions other than the forward direction. In situations in which the LoS path is obstructed, and reflected and diffracted field contributions from other objects are weak, incoherent tree-scattered fields can become dominant.
This paper presents a model for the incoherent scattering from deciduous trees. As this model finds its application in propagation prediction for urban microcell environments, it is kept quasi-two-dimensional. This means that it will be assumed that the reception point and the source of the incident field are both at the same height as the center of the tree canopy and that the canopy is tall. The wave propagation is in three-dimensional (3-D) space, as usual. Furthermore, attention is restricted to the vertically polarized field components and, hence, the final expressions for the scattered fields are scalar. The tree itself is assumed to consist of a finite cylindrical volume containing randomly located and oriented branches and leaves, modeled as dielectric cylinders and disks, as in [8] - [10] . The effects of the trunk are neglected.
As in [8] , the coherent field in the canopy is computed by using an effective propagation constant that is determined by the medium's equivalent scattering amplitude per unit volume in the forward scattering direction. The incoherent scattered field outside the canopy is obtained in terms of an integral over the canopy volume. The application of the resulting expression in ray-based propagation models is straightforward.
The organization of the paper is as follows. Section II describes the overall scattering geometry and the scattering from individual branches and leaves. A model for the scattering of radiowaves from an entire tree canopy is presented in Section III. Numerical results generated using this model are discussed in Section IV and a comparison with experimental data is made in Section V. Section VI illustrates the considerable improvement in prediction accuracy that can be achieved in a realistic microcellular scenario by considering tree scattering. Conclusions are drawn in Section VII.
II. TREE MODEL
From the standpoint of radiowave propagation, a vegetation canopy is a bounded medium consisting of many discrete, randomly distributed and oriented, dielectric inclusions (branches, leaves, fruit, etc.) in a homogeneous background material (air). In general, the medium may be random in both space and time, but, in the present study, the canopy structure and the scattered field are assumed to be time invariant. At frequencies used for terrestrial mobile communications, which are in the range from 0.8 to 2.2 GHz, the dimensions of the inclusions can be comparable to or larger than the wavelength. This means that the canopy cannot be treated as a macroscopically homogeneous dielectric mixture, characterized by an effective permittivity. Instead, the geometries and orientations of the various types of inclusions present in the canopy also have to be taken into account.
In the present study, a tree canopy is assumed to consist of an ensemble of leaves and branches. Leaves are modeled as thin lossy dielectric disks and branches as finite lossy dielectric cylinders. A consequence of the dielectric heterogeneity of the canopy volume is that the scattered field has an incoherent component, which consists of uncorrelated contributions from the individual scatterers. For short propagation paths through random media, the incoherent scattered field in the forward direction is generally small as compared with the coherent scattered field. For this reason, the incoherent scattered field is often disregarded in the literature dealing with tree scattering (attenuation) effects in terrestrial radiowave propagation. However, in scattering directions other than the forward direction, the incoherent field is much more important than the coherent field.
A. Overall Problem Geometry
An illustration of the tree model adopted in this study is given in Fig. 1 . The tree's canopy is modeled as a vertically oriented cylindrical volume in a rectangular coordinate system defined by the orthonormal vectors , , and . This coordinate system, of which the origin is located at the center of the canopy, will be referred to as the reference frame. The radius and the height describe the dimensions of . The canopy volume contains randomly distributed and oriented branches and leaves, the former of which can be classified into different size categories. Their number densities are represented by and , respectively, where the subscript is an element of and is used to denote branches of the th size category.
Incident on the canopy is a vertically polarized wave with wavenumber , being the wavelength, and direction of propagation relative to the canopy center. The source of this wave is assumed to be located far away from the canopy, so that the incident field amplitude can be approximated as being constant over the canopy volume. The incident wave is scattered in all directions by the scatterers in the canopy volume and the scattered field is observed at a point that is also located far away from the canopy, in the direction relative to the canopy center. The unit vectors and are perpendicular to and denotes the azimuthal scattering direction. Without loss of generality, it is assumed that . The problem dealt with in Section III is to compute the variance of the (vertical component of the) scattered field due to all branches and leaves. A review of theory concerning the scattering from arbitrarily oriented branches and leaves is provided in Sections II-B and II-C, but the interested reader is referred to [9] - [11] for mathematical details.
B. Scattering From Branches and Leaves
Tree branches are composed of several concentric tissue layers (wood, bark, etc.), each of which is made up of many cells that are much smaller than the wavelengths normally used for mobile communications. It has been shown that the effective dielectric properties of the branch material can be different from one tissue layer to the other, and even anisotropic [12] . However, for simplicity, branches are modeled here as homogeneous dielectrics with effective complex permittivity . Consider a finite-length lossy dielectric cylinder in the rectangular coordinate system defined by the orthonormal vectors , , and , which will be referred to as the local frame of the cylinder. The cylinder has length and radius and is oriented parallel to . The scattering of an arbitrarily polarized wave incident on the cylinder can be described in terms of a scattering amplitude tensor, whose elements relate the vertical and horizontal components of the scattered and incident waves, relative to the local frame. If the field inside the cylinder is estimated as the field inside a similar, but infinite cylinder, these tensor elements can be written as in [9, eq. (27) ] and [10, eq. (42) ].
Leaf material is typically formed by a number of tissue layers, each consisting of many cells of complex composition. However, as the cell dimensions and layer thicknesses are typically much smaller than the wavelength, the interaction of radiowaves with leaves can be well modeled by treating each leaf as a homogeneous dielectric with effective complex permittivity . For a thin circular disk with radius and thickness ( small enough that ) and with its axis of symmetry aligned with the -axis of the local frame, the scattering amplitude tensor elements can be estimated as in [9, eq. (14) ] and [11, eq. (47)].
C. Equivalent Scattering Amplitude and Cross Section
The scattering amplitude tensor for a scatterer with an arbitrary, but fixed, orientation with respect to the reference frame, described by the 2-D variable , , , can be obtained from the corresponding localframe scattering amplitude tensor by means of a transformation of coordinates. Here, and are the azimuthal and elevational rotation angles, respectively, of the local frame relative to the reference frame [10] , [11] . In view of the application considered in this paper, we are only interested in the vertical components of the fields incident on and scattered by branches and leaves. The reference-frame scattering amplitude tensor element, which relates these fields, is denoted herein by and can be computed following [11, eq. (18) ]. As previously, the superscripts and refer to branches and leaves, respectively. The probability density functions of the orientations of branches and leaves, relative to the reference frame, are denoted by and , respectively. The statistics of are assumed to be independent of those of , so that . Also, the spatial probability distribution of the scatterers is assumed to be uniform over the canopy volume. The mean scattering amplitude of a single branch or leaf can then be written as
The equivalent scattering amplitude per unit volume of the canopy is defined as (2) In a similar way, the mean scattering cross section of a single branch or leaf is found as (3) and the equivalent scattering cross section per unit volume of the canopy is (4) Practical values of the number densities and the size, orientation, and dielectric parameters of branches and leaves will be discussed in Section IV-A.
III. SCATTERED FIELD
In general, the fields inside and scattered by a random medium are random functions of position and can be divided into a mean, or coherent, component and a fluctuating component, which is called the incoherent field. As will be shown in Section III-B, under certain reasonable assumptions, the mean intensity of the incoherent tree-scattered field can be expressed in terms of the coherent field intensity inside the canopy. Note that an harmonic time dependence is assumed and suppressed in this section.
A. Coherent Field Intensity Inside the Canopy
The field incident on the canopy can be written as (5) where is the amplitude and is the phase. As the source of the incident field is located far away, is considered constant over the canopy volume, i.e., . It can be shown [13] that the coherent field inside the canopy is governed by an effective propagation constant, given by (6) Neglecting the reflection and refraction effects at the boundary of the canopy volume, the coherent field intensity inside the canopy is therefore given by (7) where (8) is the length of the path along the incidence direction to inside the canopy volume , as illustrated in Fig. 2 . As is in general a complex number, the attenuation constant is nonzero and the coherent field attenuates as it propagates through the canopy. The specific attenuation in decibels per meter (dB/m) is given by (9)
B. Incoherent Scattered Field
The incoherent scattered field due to the tree canopy can be obtained from Foldy-Twersky's integral equations in Twersky's multiple scattering theory [13] . This theory takes into account all multiple scattering involving chains of successive scattering going through different scatterers, but neglects the scattering paths that go through a scatterer more than once. According to Twersky's theory, for a uniform density of scatterers, the incoherent scattered field intensity is given by (10) in which represents the total radiation at due to a unit scattering volume at , illuminated by a unit-amplitude incident field, through multiple scattering. If the observation point is in the far zone of the canopy, is well approximated by (11) where is the distance from the canopy center to and (12) is the length of the path from along the scattering direction , inside , as illustrated in Fig. 2 .
In general, under the assumption that the scatterers in a random medium have a small scattering albedo, the total field intensity in the medium can be approximated by the coherent intensity . This approximation, and the substitution of (7) and (11) into (10), lead to the following expression for the incoherent scattered field intensity:
where (14) As noted previously, the quasi-two-dimensional model (13) is meaningful only if . The bistatic scattering cross section of the entire canopy is given by (15) The integral describes to what degree each elemental canopy volume contributes to the total incoherent scattered field and is closely related to the illumination integral in [14] . This integral cannot be evaluated in closed form, but it has been observed empirically that, for small enough , a good approximation of is given by (16) For , this approximation is accurate to within 0.4 dB for all .
IV. NUMERICAL RESULTS
This section presents numerical results generated using the expressions of the previous section. It also assesses the loss in accuracy caused by the approximation (16) . The frequency considered in the computations is 1.9 GHz. Branch and leaf parameters such as size and orientation statistics and dielectric properties are important inputs to the model and will be discussed in Section IV-A.
A. Branch and Leaf Parameters
Number densities, size, and orientation statistics of branches and leaves were analyzed for the oak tree shown in Fig. 3 , which is considered to be a typical example of the trees commonly found in urban environments. Branches were categorized into groups according to their radii and for each group the average radius, length, and number density were computed. To this end, the thicker branches (categories 1, 2, and 3) were all counted and measured individually. Radii, lengths, and number densities of the thinner branches (categories 4 and 5), as well as the leaf number density, were determined for a representative section of the canopy. Leaf thickness and radius were measured for a single representative oak leaf. The size parameter values that were thus obtained are listed in Table I . Most of these are larger than the values found by McDonald et al. [15] and Karam et al. [16] for a walnut orchard. However, the trees examined by these authors were only six years old and, therefore, probably were less mature than the tree analyzed herein and than most urban trees and the tree analyzed in the present study.
Neither branches nor leaves were found to exhibit a preferred azimuthal orientation and the distribution of is therefore Fig. 3 . Photographs of the oak tree (a) in full leaf (summer) and (b) defoliated (winter). chosen to be uniform on (0, ). The statistics of the elevational orientation of branches and leaves are assumed to be described by the distribution if otherwise.
The orientation of the larger branches (categories 1 and 2) was observed to be predominantly vertical and, therefore, these branches are assigned the values and . The smaller branches (categories 3, 4, and 5) and the leaves are characterized by and , which implies that they have no preferred orientation at all (spherical distribution).
As time did not permit measurements of the effective permittivity of branches and leaves, suitable values were obtained from the literature, as described below. The dielectric properties of branch and leaf material are well known to be strongly influenced by the gravimetric moisture content , defined as the ratio between the mass of the moisture contained in the material and the total mass of the moist material [12] . As the moisture content of branches shows significant diurnal and seasonal variations, their dielectric properties are also strongly time dependent. From the results presented in [15] , the average daytime permittivity of branches at 1.2 GHz is found to be . From a comparison with the dielectric properties of wood, tabulated in [12] as a function of various parameters, it is concluded that remains approximately constant over the range of frequencies used for terrestrial mobile communications and is hardly dependent on temperature above the freezing point.
A semi-empirical formula for the complex permittivity of leaves in terms of and the complex permittivity of saline water, valid in the frequency range from 1 to 100 GHz and for a salinity of about 1%, was proposed in [17] and is written as (18) For a walnut tree, the moisture content of the leaves was shown in [15] to be time invariant and to have a value of approximately 0.8. The dielectric properties of saline water are strongly dependent on frequency and can be evaluated using [18] . For a frequency of 2 GHz and a salinity of 1%, has a value of and the leaf permittivity is . Similarly to branches, above the freezing point the temperature dependence of is negligible. The dielectric parameter values discussed above are also listed in Table I .
B. Attenuation Coefficients
Theoretical values of the attenuation coefficient , due to the different canopy constituents, computed with the aid of (2), (6) , and (9), are shown in Table II . Examination of this table shows that most of the attenuation is due to the smaller branches (size category 4) and the leaves. The total attenuation coefficient for the tree in leaf is 1.10 dB/m; for the defoliated tree, this value is 0.80 dB/m. These values are comparable to, although somewhat lower than, the experimental values published in [7] (1.3 and 1.1 dB/m, respectively), which were obtained in the shadow zone of a single pecan tree at 1.6 GHz. The difference between these values may be related to differences in branch and leaf parameters. Fig. 4 shows the mean scattering cross sections for single branches and leaves, computed using (3) with size, orientation, and dielectric parameters taken from Table I . It can be seen that the scattering from the larger branches is concentrated in the forward direction, whereas the scattering from the smallest branches (size category 5) and the leaves is almost isotropic. Fig. 4 also shows the equivalent scattering cross sections per unit volume of canopy for the tree in full leaf, computed using (4) and the number densities of Table I , and for the defoliated tree, computed by setting . As can be observed in Fig. 4 , is almost identical for these two cases.
C. Scattering Cross Sections of Branches and Leaves
D. Incoherent Scattered Field
To provide insight into the accuracy of the empirical formula (16), the integral in (14) was evaluated numerically with an estimated relative accuracy of 1%, for and 5 m and . Fig. 5 compares the values of obtained in this way with values generated using (16) . The equivalent scattering cross section per unit volume of the canopy was computed once and then stored for use in the computation of . From Fig. 5 , it is seen that the approximation (16) results in a maximum error of approximately 0.2 dB for a canopy radius of 5 m. For a radius of 1 m, the maximum error is approximately 0.1 dB.
V. EXPERIMENTAL RESULTS
This section describes the results of measurements of the field scattered by a single deciduous tree at 1.9 GHz. Where possible, a comparison is made with theoretical results. One of the major concerns with this kind of measurement is the disturbing effects of other multipath contributions entering the receive antenna, of which the direct wave is the most important in the present case. To reduce the effects of scattering from other objects, a tree in the middle of a large, otherwise empty, farmer's field was selected. This tree was described in detail in Section IV-A and is shown in Fig. 3 . To distinguish the scattered field contribution from the direct wave, a wideband channel sounding system, previously described in [19] , was employed. With this equipment, multipath waves can be separated on the basis of their propagation delay times.
The measurements were conducted during two periods in different seasons: the first in August and September, 1999, when the tree was in full leaf, and the second in January 2000, when the tree was bare. On all measurement days there was no rain and only a light wind, i.e., leaves were slightly moving, but the branches were still.
A. Measurement Equipment and Procedure
During the experiment, the tree was uniformly illuminated using a 7.1-dBi vertically polarized double-ridged pyramidal horn with an azimuthal 3-dB beamwidth of 53 . The antenna was located at 7 m above ground level, 50 m away from the center of the canopy, as illustrated in Fig. 6 . A rotatable 2-dBi sleeve monopole antenna over a circular ground plane, located on the roof of a measurement vehicle (2.4 m above ground level), was used for reception.
Two types of measurements were conducted, as follows: 1) at a fixed vehicle location, with the antenna moving along a horizontal circle with a radius of 30 cm, which took 16 s to complete one revolution; 2) along a straight trajectory with the receive antenna in a fixed position with respect to the vehicle. While the first type of measurement was used to determine the local average of the scattered power at a number of specific locations, the second was useful to obtain information about the global behavior of the scattered field.
In the experiments of the second type, impulse response data were recorded every 0.1 s while the vehicle was moving at constant speed along a trajectory running radially outward from the center of the tree. As an example, Fig. 7 shows a measured set of power delay profiles for the trajectory corresponding to . In this figure, the direct wave can easily be identified by its hyperbolic shape and because it has minimum delay along the entire trajectory. The solid line represents the theoretical delay associated with the tree-scattered field, which was calculated based on the horizontal path length from the transmitter to the receiver via the center of the tree. This theoretical delay is seen to be in very good agreement with the measured delay of the scattered contribution. The absolute scattered field strength, required to determine the tree's scattering cross section , can be obtained in a way similar to that described in [4] . The weak contribution arriving 0.16 after the direct wave for all receiver positions is the result of reflections at the ends of the cable connecting the transmitter unit with the antenna.
In some parts of the area, especially near and behind the tree, the delay difference between the direct and scattered field contributions becomes smaller than the resolution of the channel sounder (20 ns) and the scattered field can no longer be distinguished from the direct field. Fig. 8 shows the received field strength, relative to the freespace level, along a straight trajectory in the shadow area behind the tree . The results of repeated measurements along the same trajectory are also shown. The field strength is seen to show strong large-scale spatial variations, which are quite different for the in-leaf and the defoliated case, but roughly time invariant between successive measurements. The absence of large small-scale spatial fluctuations indicates that the field behind the tree is predominantly coherent. A possible explanation for the irregular large-scale fading patterns in Fig. 8 is the interference of the wave propagating through the canopy with a Fig. 8 . Measured field strength, relative to the free-space level, behind the tree in leaf (top) and the defoliated tree (bottom), versus distance from the center of the tree (' = 0 ). Lower curves have an offset of 020 dB for clarity.
B. Attenuation
ground-reflected wave. For receiver locations close to the tree, the ground-reflected wave propagates under the canopy, while at larger distances it is attenuated and phase-shifted by the canopy in the same way as the "direct" wave. The disturbing effect of the ground reflection makes it impossible to verify the theoretical values of the attenuation coefficient , which were found in Section IV-B.
C. Scattering Cross Section
The method described in Section V-A was used to measure the scattered field along a trajectory corresponding to . The reproducibility of the resulting data was verified by repeating the measurement immediately afterward. Fig. 9 shows the scattering cross section , computed from the measured scattered field for every receiver position, versus the distance from the center of the tree. The theoretical value of for , computed with the aid of (16), is shown for comparison. For this computation, the radius and height of the canopy were chosen equal to 5 and 8 m, respectively.
Although the measured scattering cross section in Fig. 9 does show some large-scale spatial fluctuations, indicating disturbance caused by a ground-reflected wave, its local average value remains approximately constant along the entire trajectory and is very well predicted by the theory. Furthermore, it can be seen that the measurement results for the defoliated case were well reproducible, whereas they appear to have a random timevarying nature for the tree in full leaf. This shows that small movements of leaves can have a significant influence on the instantaneous tree-scattered field.
For the accurate measurement of the scattering cross section as a function of the scattering angle, the mobile receiver was moved to several locations, 10 apart, on the perimeter of a 50-m-radius circle around the canopy center (see Fig. 6 ). At each location, the receive antenna was rotated along a 30-cm-radius horizontal circle in order to record the local variations of the scattered field. Results of these measurements are given in Fig. 10 , which shows the average measured scattering cross section, and the upper and lower 90% percentiles, versus the scattering angle . For , the scattered field contribution could no longer be separated from the direct field. Large spreads in the measured cross section are observed over the entire range of , especially for the tree in leaf. Contrary to what might be expected, the theory predicts a larger scattering cross section for the bare tree. Physically, this is because , the equivalent scattering cross section per unit volume of the canopy, is strongly dominated by the branches. Due to the absence of leaves, the incident wave penetrates deeper into the canopy, so that more branches can contribute to the scattered field. The resulting difference in the cross section is small, however, and cannot be confirmed by the experimental results presented in this section.
VI. PROPAGATION PREDICTION RESULTS
The objective of this section is to illustrate how the prediction accuracy of ray-based propagation models can be improved by incorporating the new tree-scattering model. A comparison is made with measured data.
The predictions in this section were generated for an urban environment in Fribourg, Switzerland, at 1.89 GHz. In the past, extensive microcellular-type measurements were conducted in this area and at this frequency [2] , [20] , [21] . One of the conclusions from these measurements was that the received field strength could not be predicted satisfactorily using a model based only on reflection and diffraction. This was conjectured to be a result of inadequate modeling of the mechanisms responsible for propagation around the street corners, particularly the neglect of tree-scattering effects. The results of this section have served to verify this hypothesis. The propagation model that produced the predictions is a 2-D ray-tracing model with the following characteristics. Reflected and diffracted fields are computed using the reflection coefficient for impedance boundaries and the diffraction coefficient of Tiberio-Maliuzhinets [22] , respectively. In addition, the model considers the incoherent scattering from trees by introducing tree-scattered rays, which interact with the trees at their centers. The field intensities of the scattered ray contributions are computed with the aid of the tree-scattering model proposed in this paper, using (16) . Each ray can undergo any possible combination of reflection, diffraction, and scattering, up to a predetermined order. The attenuation of rays passing through tree canopies is also taken into account and is computed as the product of the total path length inside the canopies and the specific attenuation coefficient . The ray-tracing engine makes use of the concept of virtual sources [2] that, together with the real source (the base station antenna), completely describe the field distribution due to the interaction with the environment. The prediction area is divided into square pixels. For each pixel, the local mean power, required to compute the local mean path loss, is obtained using the spatial averaging (SA) method proposed in [23] . The signal contributions due to tree-scattered rays are added noncoherently (in power), however, because their phases are undefined.
The inputs to the model include databases specifying the 2-D coordinates of each building and the locations, radii, and heights of the trees and a table containing the equivalent scattering cross section per unit canopy volume (cf. Section II-C). The following parameters were used to produce the predictions. The relative permittivity of the buildings was set to 5 and the conductivity was zero. The branch and leaf parameters were taken from Table I . The base station antenna was omnidirectional and the pixel area was . locations that are indicated in Fig. 11 and are used in generating the predictions are not claimed to be exact, but do represent an adequate picture of the actual situation. The prediction result of Fig. 11(a) was obtained by setting the scattering order to zero, while the result of Fig. 11(b) was generated for scattering order one, allowing maximally one scattering per ray. The reflection order was set to three and the diffraction order was one. The white observation areas (pixels) that can be seen in both subfigures correspond with areas that cannot be "reached" by rays of the order permitted. Distinct differences between the prediction results of Fig. 11(a) and (b) are observed in Perolles Street outside the LoS region. In some parts, these differences amount to over 20 dB. In qualitative terms, the field in Fig. 11 (b) appears to be much more diffused. Propagation around the corners of the intersection is dominated by tree scattering.
A detailed comparison between measured data obtained from [2] , [20] , and [21] 1 and predictions produced with and without taking into account scattering from trees were made for the trajectory indicated in Fig. 11 . The number of observation points on this trajectory is 64. Mean and root-mean-square (rms) prediction errors obtained for various ray orders are shown in Table III. This table also shows the number of virtual sources found in the ray-tracing procedure, which gives an indication of the computational complexity. Increasing the reflection order is seen to gradually reduce the prediction error, until convergence is reached at some point. A much larger improvement is achieved, however, by taking into account the effects of tree scattering, which leads to a reduction of the rms prediction error from approximately 12 dB to less than 4 dB, at the cost of an increased computational load. The effects of higher-order tree scattering were not investigated in detail because of the resulting explosive growth in computation time. Fig. 12 shows the measured and predicted path loss along the trajectory, with and without tree scattering. The reflection order is three and the diffraction order is set to one. The improvement due to considering tree scattering is considerable.
VII. CONCLUSION
In this paper, a quasi-two-dimensional model has been presented for the incoherent scattering of radiowaves from a single deciduous tree. This model can be used in conjunction with existing coherent tree-shadowing models that estimate the attenuation associated with propagation through a tree canopy, such as the model in [8] . Incoherent scattering is a mechanism through which a part of the power of an incident field is dispersed in all directions. This can, for example, be an important phenomenon in radio propagation around street corners.
Numerical results from the scattering model were compared with experimental data that were obtained by means of an accurate wideband measurement technique. Measurements of the attenuated field behind the tree were observed to be disturbed by a ground-reflected wave and could not, therefore, be used for a direct verification of the theoretical attenuation due to tree shadowing. Separation of ground-reflected waves from the direct wave is a difficult task for measurement configurations involving low transmit and receive antennas, because they have almost equal propagation delay times and directions of arrival. An alternative method to measure the canopy's specific attenuation, which is complicated but probably more accurate, is to raise one of the antennas to a high level and to use a directive antenna on the other side of the tree to eliminate the ground reflection. Values of that were obtained in this way [7] are in reasonably good agreement with theoretical values found in this paper. Theoretical values of the scattering cross section, which also depend on , were shown to agree well with average measured data. According to the new model, leaves have a considerable influence on the attenuation of radiowaves propagating through the canopy, but hardly make any difference with regard to the tree's scattering cross section. This result, which may at first seem surprising, was in fact verified by the experimental results discussed in Section V-C, which showed little difference between the scattering cross section of a bare tree and the same tree in full leaf. From the viewpoint of radio-network planning, this is a convenient result because it implies that (incoherent) tree scattering models need not be season dependent.
The new scattering model is unable to predict the considerable spatial fluctuations of the scattered field that were observed in the measurements. Indeed, it is likely that the unpredictability of these variations cannot be overcome by any model, however sophisticated. Still, as the present model is capable of providing accurate average values of the scattered field, it can significantly improve the accuracy of propagation prediction for vegetated urban environments.
